Objective: To compare outcomes after intracerebral hemorrhage (ICH) from cerebral arteriovenous malformation (AVM) rupture and other causes of ICH.
Intracerebral hemorrhage (ICH) constitutes 10% to 20% of all strokes and is associated with significant morbidity and mortality.
1,2 Numerous types of pathology can result in ICH. One such etiology is rupture of an underlying cerebral arteriovenous malformation (AVM).
1,2 The annual bleeding risk with an AVM ranges from 0.9% to 4%. [3] [4] [5] Although AVMs are relatively less common, they are an important ICH mechanism because they often affect young patients and can thus result in a large burden of life-years lost. 6 While AVM rupture can result in death or severe neurologic disability, 4, 7 very few studies have assessed the relationship between AVM rupture and ICH outcomes. These studies suggested that outcomes after AVM rupture may be more favorable than outcomes after ICH from other causes. 8, 9 However, most of the data are derived from small cohorts of patients studied retrospectively in single-center settings and subject to selection biases. 10 In fact, the only population-based study to date had a modest sample size and compared 90 patients with ruptured AVMs from the Scottish Intracranial Vascular Malformation Study with 50 patients with spontaneous ICH from the Oxford Vascular Study. 9 These shortcomings limit the generalizability of the results. We therefore aimed to study the relationship between AVM rupture and outcomes after ICH using a large, nationally representative sample of patients. Our hypothesis was that patients with ICH as a result of a ruptured AVM have better outcomes than patients with ICH due to other causes.
METHODS Design. We performed a retrospective cohort study using the Nationwide Inpatient Sample (NIS). 11 The NIS includes data on z8 million inpatient hospitalizations each year that together represent a 20% stratified sample of all nonfederal American hospitals. 11 Because the NIS does not contain data on traditional measures of ICH severity such as hematoma volume, hematoma location, and the Glasgow Coma Scale score, we performed a confirmatory analysis using data from patients hospitalized with ICH at New York-Presbyterian Hospital/Weill Cornell Medical Center from 2011 to 2015.
Standard protocol approvals, registrations, and patient consents. The Weill Cornell Medical Center institutional review board approved this study and waived the requirement for informed consent because of minimal risk to patients.
Patients. We identified patients hospitalized with ICH in the NIS between January 1, 2002, and December 31, 2011, using the validated ICD-9-CM code 431, which has a high sensitivity and specificity. 12, 13 We excluded patients who were ,18 years of age or diagnosed with traumatic brain injury. We also excluded visits that ended in transfer to a higher-acuity hospital to prevent double counting of the same patient, as is customarily done in NIS studies. 14, 15 The majority of these transfers occurred within the first 24 hours, as a result of which the outcomes of these patients may not reflect the entire hospital course for ICH admission. In a sensitivity analysis, we included all patients regardless of their transfer-out status.
Measurements. Our primary predictor was AVM. As in prior studies, patients with AVMs were identified using the ICD-9-CM code 747.81. 16 The modified Charlson Comorbidity Index was used to adjust for underlying medical comorbidities. 17 This index, which incorporates 17 different comorbidities, has been previously validated as an effective outcome adjustment method for analyses using administrative data. 17 For descriptive reporting, we delineated patients who underwent endovascular embolization of AVM with ICD-9-CM code 39.72 and those who underwent surgical resection using diagnosis code 01.59 16 ; in exploratory post hoc analyses, we assessed whether these treatments were associated with discharge outcomes. We identified palliative care services using the ICD-9-CM code V66.7. 18 Our primary outcomes were inpatient mortality and home discharge disposition, a validated surrogate for functional outcome. 19 Confirmatory cohort. All patients with stroke (both ischemic and hemorrhagic) at New York-Presbyterian Hospital/Weill Cornell Medical Center are prospectively enrolled into the American Heart Association's Get With The Guidelines-Stroke registry. This registry provides the foundation for the Cornell Acute Stroke Academic Registry (CAESAR), which is then supplemented through retrospective collection of additional clinical, laboratory, and radiographic data. For this analysis, we included all available cases of ICH in CAESAR (spanning from 2011 to 2015). A single board-certified neurointensivist (S.B.M.) reviewed all medical records to determine the presence of a ruptured AVM as the cause of ICH; determined the Spetzler-Martin score and presence of an intranidal aneurysm if an AVM was present; measured the size of the ICH using the ABC/2 method 20 ; noted the location of the ICH (lobar vs supratentorial subcortical vs infratentorial) and presence of intraventricular extension; and ascertained the Glasgow Coma Scale score as documented per our hospital protocol on the admission note. The outcome variables of inpatient mortality and independent ambulation at discharge were prospectively collected in the CAESAR registry. Ambulatory status at discharge has been used in prior studies as a valid measure of functional outcome. 21, 22 In a small subset of patients with missing variables, ambulatory status at discharge was independently adjudicated by 2 neurologists (S.B.M. and G.G.), one of whom (G.G.) was blinded to AVM status; any disagreements were independently resolved by a third neurologist (H.K.) who was also blinded to AVM status.
Statistical analysis. The Pearson x
2 test was used to compare categorical variables between patients with and without AVM. The Mann-Whitney U test was used for continuous variables because the data were not normally distributed. Bivariate and multivariate logistic regression was used to evaluate the association between AVM and ICH outcomes. The covariates in the multivariate model included demographic factors (age, sex, race, and insurance status), hospital-level characteristics (rural vs urban location, teaching status, bed size, and annual ICH volume), and clinical variables known to affect outcomes in ICH: Charlson Comorbidity Index inserted as quartiles, ICH risk factors (hypertension, hyperlipidemia, diabetes mellitus, anticoagulant use), mechanical ventilation, infections (pneumonia, sepsis, meningitis, urinary tract infection), and documented palliative care services. All covariates associated with outcomes at the bivariate level with a value of p , 0.05 were inserted into the multivariate model. To account for the lack of data on ICH severity, we performed secondary analyses in which we stratified patients by receipt of mechanical ventilation and receipt of ventriculostomy because these factors are surrogates of severe ICH. In addition, we studied the relationship between AVM rupture and ICH outcomes in 2 different age subgroups: 20 to 40 and 41 to 60 years. This analysis was performed to mitigate any residual confounding by age, given that patients with AVM were younger. We additionally performed stratified analyses by receipt of palliative care and survival past 72 hours. All analyses were 2-tailed and performed with Stata (version 14.0, College Station, TX); statistical significance was defined as a value of p , 0.05. Standard weights provided by the Healthcare Cost and Utilization Project were used to obtain national estimates of inpatient hospitalizations for ICH. and were more often male (52.5% vs 49.3%, p , 0.001) compared to patients without AVM. Moreover, patients with ICH with AVM were more likely to be treated at large, urban hospitals with a high ICH case volume (table 1) . Stroke risk factors such as hypertension, diabetes mellitus, and hyperlipidemia were less prevalent among patients with AVM (table  2) . Conversely, seizures were more common among patients with AVM (19.0% vs 9.9%, p , 0.001). Similarly, hydrocephalus treated with CSF shunting was almost twice as common among patients with ICH with AVM compared to those without (13.6% vs 6.5%, p , 0.001). Among patients with AVM, 909 (20.2%) underwent surgical or endovascular treatment for the AVM during the initial hospitalization for ICH; the 3 main treatment modalities included surgical resection (n 5 610, 13.6%), endovascular treatment (n 5 235, 5.2%), and combined endovascular and surgical resection (n 5 64, 1.4%). (table 3) . Our results were unchanged in a sensitivity analysis that included patients who were transferred to a higher-acuity hospital.
Stratified analyses. Patients with ruptured AVM had favorable ICH outcomes in the analyses stratified by age, mechanical ventilation, presence of ventriculostomy, survival beyond the first 72 hours, and receipt of palliative care (table 4) . Among patients with ruptured AVM, those who underwent endovascular embolization and/or surgical resection of the AVM during the index hospitalization had lower odds of inpatient mortality (OR 0.31, 95% CI 0.24-0.39) and higher odds of home discharge (OR 1.2, 95% CI 1.01-1.42) compared to those who were managed conservatively.
Confirmatory analyses. We identified 342 consecutive patients with ICH admitted to our institution, of whom 34 (9.9%, 95% CI 7.2-13.6) had a ruptured AVM. The mean 6 SD Spetzler-Martin grade was 2.4 6 1.3, and intranidal aneurysms were present in 7 (20.6%). Patients with ruptured AVM were younger (42.7 vs 62.7 years, p , 0.001) and had fewer stroke risk factors such as hypertension (25.0% vs 62.9%, p 5 0.002) and hyperlipidemia (12.5% vs 33.2%, p 5 0.02) (table 5). AVM-related ICH was more likely to be lobar compared to ICH from other causes (70.6% vs 50.0%, p 5 0.031). Our standard practice is to perform staged endovascular embolization followed by surgical resection of the AVM during the index hospitalization for ICH. Hence, all patients with AVM-related ICH who survived underwent definitive surgical treatment for the AVM. In multiple logistic regression models adjusted for age, hypertension, baseline hematoma volume, hematoma location, intraventricular hemorrhage, and admission Glasgow Coma Scale score, an AVMrelated etiology was associated with a higher odds of independent ambulation at discharge (OR 4.4, 95% CI 1.5-13.1) compared to other etiologies (table 3) . There was a nonsignificant lower likelihood of inpatient mortality in AVM-associated cases of ICH (OR 0.9, 95% CI 0.2-7.8).
DISCUSSION In a nationally representative cohort, patients with ICH with AVM had lower inpatient mortality and were more likely to have a favorable discharge disposition compared to patients with ICH without AVM. These results remained largely unchanged across several sensitivity analyses. Furthermore, in a confirmatory cohort from our institution, AVM-related ICH was associated with a more favorable ambulatory status at discharge even after adjustment for traditional markers of ICH severity such as the Glasgow Coma Scale score and hematoma size and location. Data from a randomized trial of unruptured brain AVMs (A Randomized Trial of Unruptured Brain Arteriovenous Malformations [ARUBA]) showed that medical management alone was superior to surgical or endovascular treatment. 23 Our results build on the findings of ARUBA in 2 ways. First, our findings inform the understanding of the natural history of AVM-related bleeds should they occur during conservative management, indicating that such bleeds have a more favorable prognosis than typical cases of ICH. Furthermore, there is a paucity of evidence on the management of AVMs if they do rupture. Our data suggest that definitive treatment of ruptured AVMs is associated with better outcomes, although this finding may be subject to selection bias and hence requires further study. Among patients with ruptured AVMs, the fact that only 40% underwent an angiogram and only half of these patients subsequently had definitive treatment of the AVM suggests that the national practice in the United States may be to defer AVM treatment until after the acute phase of ICH. Lack of follow-up data prevented further exploration of these results.
Our findings align with prior single-center studies documenting a lower case fatality rate after AVM rupture compared to other cases of spontaneous ICH. 8, 9, 24 This may be attributed to the fact that patients with AVM-associated ICH are younger and as a result have fewer medical comorbidities, 6 ,25,26 but we found more favorable functional outcomes even after adjusting for age and comorbidities. Furthermore, it is unlikely that the better outcomes were due to smaller ICH volumes because our confirmatory analysis adjusted for hematoma size. It is believed that hematomas resulting from AVM rupture mostly within the AVM nidus itself or in the venous side of the malformation, thus sparing the healthy brain parenchyma and potentially explaining the better outcomes associated with AVM. 6, 25, 26 In addition, one may speculate that the secondary injury after ICH may be relatively milder in these patients compared to ICH from other causes. It is also intriguing that hydrocephalus was more common among patients with AVM. In the context of ICH, hydrocephalus is often associated with intraventricular hemorrhage. 27 In a retrospective study of 87 patients with AVM-related ICH, factors associated with hydrocephalus were Glasgow Coma Scale, intraventricular hemorrhage, and the presence of an AVM-associated aneurysm. 28 Intraventricular hemorrhage is an independent predictor of morbidity after ICH, 29 yet we found that patients with AVM, despite a higher frequency of hydrocephalus, had better outcomes compared to patients with other causes of ICH. Further research on the relationship among hydrocephalus, intraventricular hemorrhage, and AVM outcomes may be illuminating.
This study has some noteworthy limitations. First, the NIS lacked information on well-validated ICH severity measures such as the Glasgow Coma Scale score and ICH volume and location. There were no data on AVM characteristics such as size, location, venous drainage, presence of an associated aneurysm, and prior rupture history. However, this information was available in our confirmatory cohort and was controlled for in the multivariable analyses. Although our confirmatory analysis is subject to selection bias resulting from a single-center patient cohort with a relatively high AVM incidence, it nonetheless aids in confirming the results of the primary analysis. Second, errors in misclassification resulting from our use of ICD-9-CM codes are also possible, but the ICD-9-CM code for ICH has been previously validated to have high specificity and positive predictive value. 12, 13 While the code for AVM has been used in prior studies, 16, 30 data on the sensitivity and specificity of the code are lacking. ICD-9-CM codes for major diagnoses in these types of administrative datasets have generally been shown to be reliable. 31 Furthermore, although diagnosis coding may be imperfect, random coding errors would bias the results toward the null and are hence unlikely to account for the measured differences in outcome found in this study. Moreover, the incidence of AVM-related ICH in our study was 0.7%, which corroborates the prevalence of AVM among incident ICH cases by 2 other population-based studies, the Northern Manhattan Stroke Study (1.4%) 32 and the New York Islands AVM study (incidence of 0.51 per 100,000 per years). 33 It is important to note that ICD-9-CM codes do not allow differentiation between an AVM implicated in the ICH and an AVM discovered as an incidental finding. However, this would be expected to be a conservative limitation because this type of misclassification, to the small degree that it may have occurred, would tend to conflate the 2 groups under consideration.
Third, it is possible that our findings may have been due to immortal time bias, in which only those Table 3 Logistic regression models evaluating the relationship between AVM rupture and ICH outcomes patients with ICH who survived the initial course of their illness were investigated for an underlying AVM, thus creating a spurious association between AVMs and better outcomes. However, our findings were unchanged in a sensitivity analysis limited to patients who survived the first 72 hours after admission. Furthermore, our confirmatory analysis of patients at our medical center represents an aggressive protocol in which all ICH cases are screened for an underlying vascular malformation with at least a CT angiogram, so it is unlikely that immortal time bias substantively explains our results. Fourth, although it would have been informative to compare AVM-related ICH cases to hypertensive ICH cases only, this was not possible because of the lack of relevant details in our data. Finally, we were unable to differentiate between primary and recurrent ICH in the NIS; however, given the low annual rate of ICH recurrence (z2%), 34, 35 this is less likely to have significantly affected our results. This limitation also prevented assessment of rebleeding risk among patients with ICH in our cohort. Using both data from a nationally representative cohort and more detailed clinical data from our own institution, we found that patients with ICH due to a ruptured AVM had lower inpatient mortality and more favorable functional outcomes compared to patients with other etiologies of ICH. Further research is needed to identify optimum strategies for educating providers and patients about the natural history of unruptured AVMs and the risks and benefits of available management strategies so as to enable fully informed, shared decision making for this complex condition. In addition, we found that patients with ruptured AVMs who received surgical treatment during the index hospitalization had better outcomes than patients managed conservatively, suggesting that further studies are warranted to define optimum treatment strategies and the timing of these interventions in the event that an AVM does rupture. 
